Hedgehog genes in Drosophila and vertebrates control patterning of a number of different structures during embryogenesis. They code for secreted signaling proteins that are cleaved into an active aminopeptide and a carboxypeptide. The aminopeptide can mediate local and long range events and can act as a morphogen, inducing differentiation of distinct cell types in a concentration-dependent manner. We demonstrate here that the expression of Indian hedgehog mRNA and protein is upregulated dramatically as F9 cells differentiate in response to retinoic acid, into either parietal endoderm or embryoid bodies, containing an outer visceral endoderm layer. The ES cell line D3 forms embryoid bodies in suspension culture without addition of retinoic acid and also upregulates Indian hedgehog expression. RT-PCR analysis of blastocyst outgrowth cultures demonstrates that whereas little or no Indian hedgehog message is present in blastocysts, significant levels appear upon subsequent days of culture, coincident with the emergence of parietal endoderm cells. In situ hybridization analysis for Indian hedgehog mRNA expression demonstrates the presence of elevated levels of message in the outer visceral endoderm cells relative to the core cells in mature embryoid bodies and in the visceral endoderm of Day 6.5 embryos. Whole-mount in situ hybridization analysis of Day 7.5 and 8.5 embryos indicates that Indian hedgehog expression is highest in the visceral yolk sac at this stage. F9 cell lines expressing a full length Indian hedgehog cDNA express a number of characteristics of differentiated cells, in the absence of retinoic acid. Taken together, these data suggest that Indian hedgehog is involved in mediating differentiation of extraembryonic endoderm during early mouse embryogenesis. ᭧ 1997 Academic Press and visceral endoderm cells that form a columnar epithe-
INTRODUCTION
lial layer surrounding the differentiating epiblast and contribute to the visceral yolk sac (Gardner, 1983) . The F9 The earliest developmental decisions in the mammalian teratocarcinoma system provides us with a useful in vitro embryo involve distinguishing embryonic from extraemmodel to study the emergence of these cell types (Hogan bryonic lineages (Gardner, 1983) . In the mouse embryo the et al., 1983; Grabel, 1992) . When F9 cells are treated in first differentiation event is the formation of the blastocyst monolayer culture with retinoic acid (RA) plus cyclic AMP from the morula. The blastocyst contains an outer layer (cAMP), they differentiate into parietal endoderm cells of trophectoderm, destined to play a role in implantation (Strickland et al., 1980) . In contrast, when the cells are and contribute to the formation of extraembryonic tissue, treated in suspension culture with RA alone, they form surrounding the blastocoel cavity and inner cell mass, desembryoid bodies, consisting of an inner core of undifferentined to form the embryo as well as some extraembryonic tiated stem cells surrounded by an outer layer of visceral tissue. Next, a layer of primitive endoderm forms on the endoderm (Hogan et al., 1981) . surface of the inner cell mass adjacent to the blastocoel Despite the clear importance of these early cell type specicavity (Rossant and Papaioannou, 1977) . These cells will fication events in establishing the proper environment for differentiate into two types of extraembryonic endoderm, subsequent embryonic development, relatively little is parietal endoderm cells that migrate along the inner trophectoderm surface and contribute to the parietal yolk sac known about the molecular signals responsible for the dif-ferentiation of extraembryonic endoderm. Members of the fetoprotein (AFP). In addition, the N-peptide fragment of Ihh protein accumulates in a developmentally regulated hedgehog (hh) gene family code for secreted signaling molecules that play a role in the patterning and differentiation
manner. An ES cell line that differentiates spontaneously without the addition of RA expresses Ihh-specific message of a variety of tissues during embryogenesis (for review, see Hammerschmidt et al., 1997) . The Drosophila hh gene is a when placed in suspension to initiate embryoid body formation. Furthermore, using RT-PCR analysis of blastocyst outsegment polarity gene critical to embryogenesis that also plays a role in patterning imaginal discs later in developgrowth cultures, we show that while little or no Ihh mRNA is present in blastocysts, the level increases dramatically ment (Mohler, 1988; Mohler and Vani, 1992; Lee et al., 1992; Tabata et al., 1992) . Three homologues have been during blastocyst outgrowth, concurrent with the appearance of extraembryonic endoderm in these cultures. Ihh identified in mice, Sonic hedgehog (Shh), desert hedgehog (Dhh), and Indian hedgehog (Ihh) (Echelard et al., 1993) mRNA appears to be localized preferentially to the outer visceral endoderm layer in differentiating F9 embryoid bodand related genes isolated in a number of other vertebrates (Krauss et al., 1993; Riddle et al., 1993; Chang et al., 1994;  ies and in Day 6.5 embryos and to the visceral yolk sac in Day 7.5 and 8.5 embryos. In addition, F9 stem cells trans- Roelink et al., 1994; Lai et al., 1995) .
All of the hh genes demonstrate strong homology to each fected with a construct encoding Ihh cDNA express morphological and biochemical characteristics of extraembryother, particularly within their well conserved amino-(N)-terminal domains (Echelard et al., 1993) . Elegant analyses onic endoderm in the absence of RA treatment, suggesting a role for Ihh in the differentiation of this early embryonic of the hedgehog proteins reveal many unique features relevant to their biological activity. Following cleavage of the lineage. signal sequence, a domain within the carboxy-(C) terminus of the protein with homology to serine proteases promotes the autocatalysis of the protein into N and C peptides (Lee Porter et al., 1995; . The N peptide appears to encode the signaling activity and acts
MATERIALS AND METHODS

Culture of F9 and ES Cells
in a concentration-dependent fashion to promote the differ-F9 cells were grown and induced to differentiate as previously entiation of distinct cell types through both close-and longdescribed (Hogan et al., 1981, Casanova and Grabel, 1988) . Briefly, range signaling events (Roelink et al., 1995; embryoid bodies were cultured by plating F9 cells in suspension 1995a,b). Interestingly, the N peptide is initially tethered in 7.5 1 10 08 M RA, and parietal endoderm was generated by to the cell surface by attachment of a cholesterol at its Cculturing the cells in monolayer with RA plus 0.5 mM dibutyryl terminal end (Porter et al., 1996a,b) . In addition, the N pepcyclic AMP.
tide also shows strong structural homology to zinc hy-
The ES cell line D3 was maintained on STO fibroblast feeder drolases, and this putative activity may facilitate the release layers, and embryoid bodies were formed by removing the stem from the cell surface of a form of the N peptide involved in cells from the feeder layer and culturing them in suspension (Doetschman et al., 1985) .
long-range signaling (Hall et al., 1995) . Whereas the specific downstream genes activated by hh signaling vary between different organ systems and different PCR Screen, Cloning, and Sequencing species, there appears to be remarkable conservation of some components in the pathway. Response to hh signaling cDNAs prepared from d2 and d6 F9 embryoid bodies were used includes upregulation of TGFb family members (decapenas templates for PCR reactions using primers derived from the welltaplegic (DPP) in Drosophila (Basler and Struhl, 1994; Cap- conserved N-terminus as described in Riddle et al. (1993) . PCR products were cloned into pT7 Blue T-Vector (Novagen) and the devila and Guerrero, 1994) and BMP2 and BMP4 in chick inserts sequenced using Sequenase (Version 2.0 kit, United States Roberts et al., 1995 of all hh genes in Drosophila and vertebrates (Goodrich et al., 1996; Concordet et al., 1996) , perhaps acting as a cell surface receptor (Chen and Struhl, 1996; Marigo et al., 1996;  Northern Analysis Stone et al., 1996) . In addition, the Drosophila smoothened Total RNA was extracted using the Tripure reagent from Boehgene (smo), encodes a serpentine G-protein linked transringer-Mannheim Biochemicals, run through formaldehyde-conmembrane protein that is also essential for hh action (van taining gels as described in Maniatis et al., and blotted onto Magna- den Heuvel and Ingham, 1996; Alcedo et al., 1996) . graph membranes (Micron Separations, Inc.). Digoxigenin-labeled We have studied the role of Ihh, a signal previously impliantisense RNA probes were generated from the PCR-derived clones cated in cartilage and gut morphogenesis (Bitgood and described above according to the protocols in the Genius kit (Boeh- Roberts et al., 1995; Vortkamp et al., 1996;  ringer-Mannheim). Other probes used were for Ihh and Shh, as Lanske et al., 1996) , in the differentiation of extraembryonic described in Echelard et al. (1993) , AFP (gift of S. Tilghman), and endoderm. We report here that Ihh mRNA is expressed in F9 actin (gift of E. Robertson). All probes were made by in vitro trancells as they begin to differentiate, prior to the appearance scription using the Genius RNA labeling system from BoehringerMannheim. Northern hybridization was done at high stringency of the visceral endoderm differentiation-specific marker a-and the signal was visualized using the Lumiphos system from
Plasminogen Activator Assay
Boehringer-Mannheim. Exposure times were from 10 min to 2 hr, Serum-free conditioned medium was assayed for PA activity by and multiple exposures were taken of each blot. All Northern hythe colorimetric method of Coleman and Green (1981) . bridization experiments were repeated several times with consistent results.
In Situ Hybridization Western Analysis
In situ hybridization on F9 embryoid bodies was performed as described in detail in Wickramasinghe et al. (1995) . Paraffin-embedTotal protein was collected concurrently with the RNA using ded, sectioned embryoid bodies and 6.5 days pc embryos were the Tripure reagent described above. Forty micrograms of each samprobed using the same digoxigenin-labeled AFP probe described ple was run on SDS-PAGE gels as described by Laemmli (1970) above for Northern analysis and a 600-bp Ihh probe generated by and electroblotted onto Immobilon-P membranes (Millipore). Blots
BamHI digestion of the Ihh-containing vector described above unwere incubated with antibody against the N-terminal fragment of der Northern Hybridization. Stained slides were mounted in GelvaShh (Ab80; , which cross-reacts with Ihh, at tol and photographed. Whole-mount in situ analysis of Day 7.5 and a 1/500 dilution, and then with peroxidase-conjugated donkey anti-8.5 embryos was performed as described in Wilkinson et al. (1992) , rabbit secondary antibody at 1/40,000 dilution (Jackson Immunousing a 1.8-kb Ihh probe (Echelard et al., 1993) . The Day 7.5 emchemicals). Western analysis was also done using antibody directed bryos were subsequently sectioned for analysis. against mouse AFP (ICN). The signal was visualized using the Renaissance chemiluminescent detection system (Amersham).
RESULTS
Culture of Blastocysts Identification of Ihh and Its Expression during F9
Embryos were obtained from ICR females mated with ICR males et al., 1985) , and it 15% fetal bovine serum (Hyclone), 0.01 mM nonessential amino can induce differentiation of F9 cells into extraembryonic acids (GIBCO), 2 mM L-glutamine (GIBCO), 50 mg/ml gentamycin endoderm (Strickland et al., 1980) . Given the observation sulfate, and 0.0006% b-mercaptoethanol (Sigma) .
that RA has ZPA activity due to its ability to induce expression of Shh (Riddle et al., 1993) , we wished to determine if RA is active in the F9 system due to its ability to induce
RT-PCR
expression of a hh gene. Using degenerate oligonucleotide
Total RNA was extracted from blastocysts using the Tripure primers derived from the conserved amino terminus and system, and reverse transcribed for use as template in RT-PCR.
cDNAs generated from Day 2-3 RA-treated F9 embryoid
RT-PCR was performed using primers specific for Ihh (5 AAGbody cultures (see Materials and Methods for details) we GCCCACGTGCATTGCTCT, obtained the predicted 213-bp PCR product. The sequence GTG), and also with primers (described in Jiang and Grabel, 1995) of this DNA fragment was identical to that published for specific for the a6 integrin subunit. PCR conditions were optimized
Ihh, except for a single base change that changes amino acid for each set of primers. Each RT-PCR experiment was repeated residue 191 from arginine in Ihh to tryptophan, which is twice, using the same template cDNAs.
the amino acid observed at this site in all the other hh genes (Echelard et al., 1993) . This is the correct sequence for Ihh Transfection and the correction is being submitted. Identical results were obtained using a probe derived from our cloned PCR product induction and not play a role in differentiation. To rule out this possibility and provide further support for a role for Ihh in early mouse embryogenesis we examined the expression of this gene in ES cells and in the embryo itself. The ES cell line D3 differentiates spontaneously into embryoid bodies, in the absence of RA, when cultured in suspension (Doetschman et al., 1985) . Figure 4 shows that whereas no Ihh mRNA is detected in STO feeder cells or in ES cells growing on STO feeders, Ihh message appears in cells cultured in suspension, with levels increasing between 2 and 6 days. We used RT-PCR analysis of blastocyst outgrowth cultures to examine the expression of this gene during early embryogenesis. When blastocysts are cultured in vitro, they attach to the tissue culture dish and, over the next few days (Armant et al., 1986; Sutherland et al., 1988) . To proDay 6, and Day 8 F9 embryoid body cultures and analyzed by Northern vide a control for levels of input cDNA as well as an indicablot using an Ihh-specific probe or a probe derived from clone 7G.
tion of the extent of extraembryonic endoderm differentiaBoth probes detect a 2.6-kb message that first appears at Day 4 in RAtion we performed RT-PCR analysis for the a6 integrin treated cultures and increases in intensity through Day 8.
subunit and Ihh message on the identical cDNA samples. We and others have previously demonstrated that whereas the a6B isoform message is present at all stages of developWe next compared the temporal pattern of appearance of ment, the a6A isoform only appears upon parietal endoderm Ihh-specific mRNA to the appearance of message for the differentiation (Sutherland et al., 1993 ; Jiang and Grabel, visceral endoderm marker AFP. Figure 2 shows that the Ihh 1995). Figure 5 shows that a band corresponding to Ihh mesmessage accumulates only in RA-treated cultures, with a sage is absent, or barely detectable, in blastocyst-derived faint signal visible beginning at Day 2. In contrast, AFP material, appears prominent after 2 and 3 days of outgrowth, mRNA is barely observed at Day 4 in RA-treated cells, with and is undetectable after 4 days of outgrowth. Comparison a significant signal seen only at Day 6. Because Ihh is exwith the RT-PCR analysis for a6 message demonstrates that pressed prior to the appearance of this marker of differentia-
the Ihh message appears concomitant with the appearance tion, it may play a role in promoting visceral endoderm of the a6A isoform, and therefore with differentiation of differentiation.
Using an antibody directed against the N peptide of Shh that cross-reacts with Ihh, but not Dhh, for Western analysis (unpublished observations), Fig. 3 shows that the active processed 19-kd fragment of Ihh is generated by F9 cells differentiating into embryoid bodies in response to RA and is present at substantial levels by Day 5. By Day 8 the untreated cultures also appear to express some Ihh N peptide, most likely due to low levels of spontaneous differentiation observed. Figure 3C shows that the active peptide is also produced by monolayer cells treated with RA plus cAMP and differentiating into parietal endoderm. The observation that the active Ihh N peptide is present in cultures differentiating into both lineages suggests that Ihh signaling may be involved in the differentiation of both visceral and parietal endoderm. As observed in similar analyses of embryonic material for Shh expression, we never see substantial levels of full-length protein, suggesting that in vivo the protein quickly and efficiently undergoes autocatalysis to generate the N and C fragments. RT-PCR analysis of Ihh and a6 integrin expression. Blastocysts were cultured and RNA isolated and subjected to RT-PCR analysis using the two sets of primers as described under Materials and Methods. Note that while there is little or no detectable Ihhspecific product present in blastocysts, significant product is ob -FIG. 4 . D3 ES cells accumulate Ihh message as they differentiate spontaneously in suspension culture. RNA was isolated from STO served following 2 and 3 days of outgrowth, and no product is present in Day 4 outgrowths. While the a6B form of integrin is feeder cells alone, ES cells growing as undifferentiated stem cells on STO feeders (ES/STO), or from ES cells grown in suspension for present in all cultures, note the appearance of the a6A form after 2 days of outgrowth culture, indicating the emergence of parietal 2, 4, or 6 days and analyzed by Northern blot for Ihh expression. Note the induction of Ihh message following suspension culture.
endoderm. This isoform is still present after 4 days of outgrowth. hybridized with the Ihh probe. Note the high levels of exheadfold stage). Day 7.5 embryos were sectioned to facilitate visualization of the staining pattern. Figure 6C shows that, pression in the distal visceral endoderm (arrows). Elevated levels of message can also be seen in extraembryonic visat the headfold stage, Ihh mRNA is expressed at high levels in the outer visceral endoderm-derived layer of the visceral ceral endoderm, extraembryonic mesoderm, and in the ectoplacental cone. The rim of staining lining the amniotic yolk sac (arrows) and at lower levels in the amnion (arrowhead). Figure 6D verifies this conclusion in a whole mount and exocoelomic cavities may reflect an artifact due to sectioning angle. Whole-mount in situ hybridization studies at a slightly later stage. The embryo itself appears to express no Ihh by Day 8.5, but a strong signal is seen in the visceral were performed on Day 7.5 and 8.5 embryos (early and late 
FIG. 6. In situ hybridization of
Properties of F9 Cells Expressing a Transfected Ihh
to a parietal endoderm cell. The 3A and 3B cell lines reGene sponded to cadmium treatment as described for 10B (data not shown). To more specifically characterize the cell type Given our observations that Ihh is expressed just prior to the appearance of phenotypic markers of extraembryonic induced by cadmium in transfected cell lines, we next determined the levels of plasminogen activator accumulated by endoderm, we decided to determine if promoting expression of this gene in F9 stem cells induces their differentiation, these cells. Tissue type plasminogen activator (tPA) is a secreted protease synthesized selectively by parietal endoin the absence of RA. We transfected constructs expressing the full-length gene under the control of a metallothionein derm cells in this system. Figure 8B shows that, whereas promotor into F9 cells. The vector also contained the neomycin gene, and so cultures were selected for resistance to G418, and isolated clones were subsequently screened for expression of Ihh message following treatment with or without cadmium. Of the 53 G418 resistant clones obtained, 11, or 20%, expressed Ihh mRNA in response to cadmium in monolayer culture. Table 1 summarizes the further analysis, described in detail below, performed on 3 of these expressing cell lines, 3A, 10B, and 3B; 2 nonexpressing cell lines, 2A and 6D; and 1 cell line, neo2, obtained by transfection with a vector containing only the neo gene. Figure 7 shows that the parental F9 cell line does not express significant levels of Ihh mRNA in monolayer culture unless treated with RA plus cAMP. In contrast, the 3A and 10B cell lines, transfected with the Ihh-expressing construct, accumulate this message upon treatment with cadmium. In some experiments minimal levels of Ihh expression are observed in the transfected cell lines in stem cells not 
FIG. 8. (A)
Morphology of the transfected cell lines neo2 and 10B in monolayer culture. The neo2 and 10B cell lines were observed by phase-contrast microscopy following culture for 5 days in the absence of additions, in cadmium, or in RA plus cAMP as described under Materials and Methods. Note the appearance of larger, flattened cells in cadmium-treated 10B cultures, making them appear intermediate in morphology between untreated stem cells and RA plus cAMP-treated cells. (B) Levels of PA activity in F9, neo2, 10B, and 3B. Conditioned medium from F9, neo2, 10B, or 3B cells was collected after 5 days of culture in the absence of treatment, treatment with cadmium, or treatment with RA plus cAMP and assayed for PA activity. Note that F9 and neo2 make significant levels of PA only following RA plus cAMP treatment whereas 10B cells secrete significant levels of PA in response to cadmium. all cell lines tested secrete no detectable PA as stem cells endoderm. These data suggest that inappropriately expressing Ihh in F9 stem cells cultured in monolayer promotes and substantial levels of PA following treatment with RA and cAMP, the 10B and 3B cell lines expressed substantial the expression of characteristics of parietal endoderm.
To examine the effect of Ihh expression on visceral endolevels of enzyme upon treatment with cadmium, a condition that induces Ihh expression (Fig. 7) . The 3A cell line derm differentiation, we cultured neo2 and 2A as negative controls and 3A, 10B, and 3B, the three responding cell lines, did not demonstrate this increase in PA secretion in the presence of cadmium. The discrepancy between the behavin suspension and compared their ability to express the visceral endoderm-specific marker AFP in the presence or abior of 3A and 10B or 3B in response to cadmium may be attributable to a threshold effect; 3A appears to express sence of cadmium and the presence or absence of RA. Figure  9A shows a time course for the expression of Ihh and AFP lower levels of Ihh than 10B (Fig. 7) and these levels may be insufficient to promote complete conversion to parietal mRNA in F9 and 10B cells. Note the precocious expression or RA treatment. In contrast, neo2 and 2A displayed Ihh message expression only when the cells were treated with RA. The neo2 and 2A cell lines accumulate significant AFP mRNA levels only in response to RA, 3B accumulates AFP message in response to either cadmium or RA, and 3A or 10B accumulate AFP mRNA in suspension, with or without RA or cadmium treatment. Note that although the 10B cultures show little 2.6-kb Ihh message at Day 7, they expressed substantial levels of this message at earlier time points, as shown in Fig. 9A . These data indicate that expression of Ihh correlates with the subsequent expression, within 2 days, of AFP, whether or not the cells have been treated with RA. Western analysis also demonstrates the appearance of Ihh N peptide in the 10B cultures, in the absence of RA treatment (data not shown). We next examined the extent and spatial pattern of visceral endoderm differentiation by in situ hybridization analysis of AFP expression. A substantial percentage of embryoid bodies formed from 10B cells cultured for 7 days in the absence of retinoic acid had AFP-positive cells in their outer layer, greater than twofold the percentage seen for untreated F9 cells and 7-fold the percent observed for neo2 cells (Figs. 10 and 11 ). Figure 10D shows that even at Day 4, untreated 10B embryoid bodies already have an outer layer of AFP-positive cells observed in control cell lines only after 7 days of RA treatment. This observation is supported by time course Northern hybridization experiments analyzing the expression of AFP in the 10B cell line (Fig.   FIG. 9 mRNA, which can be seen in both these figures.
DISCUSSION
We show here that the Ihh gene is developmentally reguof Ihh in 10B suspension cultures, with significant levels of message present at Day 2 in treated and untreated cullated in a temporal and spatial pattern consistent with a role in extraembryonic endoderm differentiation in F9 cells, tures. In addition to the 2.6-kb Ihh message, 10B cells often produce a higher molecular weight message, seen most ES cells, blastocyst outgrowth cultures, as well as primitive streak and headfold stage mouse embryos. While there is clearly at Day 6 in untreated and treated cultures. The precocious appearance of Ihh in 10B embryoid bodies is associno or minimal Ihh expression in undifferentiated F9 or ES stem cells, or in blastocysts, levels of the message increase ated with the precocious accumulation of AFP mRNA, seen at significant levels by Day 4 in both treated and untreated dramatically in F9 embryoid bodies just prior to the appearance of the visceral endoderm marker AFP and in blastocyst cultures. Figure 9B shows the expression of Ihh and AFP mRNA at Day 7 for a number of transfected cell lines. The outgrowth cultures coincident with the appearance of the PE marker a6A integrin. In situ hybridization analysis of 3B cell line retained its cadmium responsiveness in suspension and accumulated Ihh mRNA only following cadmium F9 embryoid bodies as well as 6.5, 7.5, and 8.5 days pc treated 10B cells, although AFP-producing, is less well differentiated morphologically than the layer formed in response to RA. These data suggest that additional factors, induced by RA treatment but not by Ihh expression alone, embryos demonstrates that Ihh mRNA accumulates preferentially in visceral endoderm cells and the visceral yolk sac promote complete expression of mature parietal and visceral endoderm. which is derived from these cells. Expression can also be detected in the ectoplacental cone, which derives from A number of the gene products involved in hh-based signaling have been identified based predominantly upon getrophectoderm cells, and in the amnion, which derives from extraembryonic mesoderm. In support of a functional role netic interactions in Drosophila. As the vertebrate systems involving hh action are studied in more detail, it has become for Ihh, we have transfected F9 stem cells with a construct containing the full-length cDNA and demonstrated that clear that a number of the components identified in the Drosophila cascades involved in segmentation and imaginal these cells express characteristics of extraembryonic endoderm cells, in the absence of retinoic acid. disc patterning are also involved in hh-based signaling in these systems. For example, the TGFb family member DPP Our observation that Ihh expression can, at least in part, mimic the effects of RA suggests that the mechanism of is a major downstream mediator of hh action in Drosophila (Capdevila et al., 1994) , and another TGFb family member, action of RA in the F9 system may be to activate expression of this hh gene. The demonstration that a teratocarcinoma BMP2, acts downstream of Shh in anterior/posterior patterning in the vertebrate limb ; Roberts cell line accumulates Ihh mRNA and protein in response to RA treatment provides a possible explanation for a previous et al., 1995) . Moreover, expression studies are consistent with BMPs being targets of Shh signaling in organogenesis report in which P19 teratocarcinoma cells expressing a transfected copy of the Shh gene were observed to act as a (Bitgood et al., 1995) . It has already been established that BMP2 mRNA is upregulated when F9 cells are induced to Zone of Polarizing Activity (ZPA)-inducing posterior pattern in the developing limb (Ogura et al., 1996) . The ZPAdifferentiate in monolayer culture into parietal endoderm (Rogers et al., 1992) . We also see an upregulation of BMP2 like activity of these transfected P19 cells could be enhanced by RA treatment. Whereas the authors suggested message upon embryoid body differentiation and embryo in situ hybridization analysis suggests that BMP2 is expressed that RA induces another factor that can interact with Shh to promote its action, we suggest that RA is inducing exin overlapping domains with Ihh (data not shown). BMP2 may be working downstream of Ihh or coincident with it pression of Ihh, and its well-conserved N peptide can likely substitute for Shh N peptide and, in this case, increase the during peri-implantation development. The early embryonic lethal phenotype of the targeted mutation for the BMP concentration of active peptide, resulting in additional ZPA activity. Recent data (Hammerschmidt et al., 1996; Vort- type I receptor is consistent with a role for BMPs in establishing early embryonic lineages (Mishina et al., 1995 (Mishina et al., ). kamp et al., 1996 indicate that Shh and Ihh have similar inducing properties in biological assays.
Most recently a vertebrate homologue of the Drosophila ptc gene was identified, and it appears to be expressed, for An important area of future investigation is to determine if Ihh expression promotes the emergence of the primitive the most part, in regions adjacent to cells expressing Shh, Ihh, and Dhh (Goodrich et al., 1996; Bitgood et al., 1996 ; endoderm precursor cell and/or facilitates the terminal differentiation of both parietal and visceral endoderm cells. Concordet et al., 1996) . It will be of interest to determine if ptc, smo, and other genes apparently involved in mediatNorthern analysis documenting the appearance of significant levels of Ihh message by Day 4 in F9 embryoid body ing hh action are also active during early mammalian em-
